Selective-plane illumination microscopy (SPIM) provides unparalleled advantages for long-term volumetric imaging of living organisms. In order to achieve high-resolution imaging in common biological sample holders, we designed a high numerical aperture (NA) epi-illumination SPIM (eSPIM) system, which utilizes a single objective and has an identical sample interface as an inverted fluorescence microscope with no additional reflection elements. This system has an effective detection NA of > 1.06. We demonstrated multicolor and fast volumetric imaging of live cells and single-molecule super-resolution microscopy using our system.
Selective-plane illumination microscopy (SPIM) provides unparalleled advantages for long-term volumetric imaging of living organisms. In order to achieve high-resolution imaging in common biological sample holders, we designed a high numerical aperture (NA) epi-illumination SPIM (eSPIM) system, which utilizes a single objective and has an identical sample interface as an inverted fluorescence microscope with no additional reflection elements. This system has an effective detection NA of > 1.06. We demonstrated multicolor and fast volumetric imaging of live cells and single-molecule super-resolution microscopy using our system.
For over a decade selective-plane illumination microscopy (SPIM), or light-sheet microscopy, has been successfully used for 3D imaging applications in developmental and cell biology, anatomical science, biophysics and neuroscience 1 . Almost all light-sheet microscopes need at least two objectives close together, hence restricting the sample mounting format. In a horizontal SPIM configuration 2 where the optical pathways are parallel to the optical table, small tubes or cylinders of agarose gel hold the sample in the space surrounded by objectives. To accommodate traditional mounting protocols such as samples prepared on glass coverslips, "dipping" configurations 3, 4 were developed, with perpendicular optical pathways and the objectives pointing downwards. On the other hand, an "open-top" configuration with the objectives pointing upwards [5] [6] [7] potentially allows a SPIM system to be operated like an inverted fluorescence microscope and accept conventional biological sample formats including multi-well plates. Among such methods, Oblique Illumination Microscopy 8 and Swept Confocally Aligned Planar-Excitation microscopy (SCAPE) 9 use a single objective lens for illumination and detection without additional reflecting elements [10] [11] [12] in the sample space. The sample is illuminated obliquely, resulting in a tilted illumination plane. This tilting is corrected by a remote imaging module in the detection path so that all light arrives on the camera in focus. However, the remote imaging module leads to a loss of numerical aperture (NA), such that both systems have a NA < 0.7 8, 9 , whereas a high NA is essential to achieving the resolution for subcellular imaging and sensitivity for single-molecule detection.
Here, we designed a single-objective oblique epi-illumination SPIM (eSPIM) system to solve the problem of limited detection NA (Fig. 1A . To achieve these conditions, the pupil planes of O1 and O2 are conjugated, and the lateral magnification from the sample space to the intermediate image is set to be 1.33, which is the ratio between the refraction indexes of the working media of O1 and O2.
Under this condition, the axial magnification is also 1.33. The effective detection NA of our system is estimated to be ~ 1.20 along the y axis and ~ 1.06 along the x'-axis (Supplementary Our system is particularly suitable for fast volumetric imaging because the Galvo mirror is the only moving mechanical element in the system; thus, the scanning speed can be pushed to the limit of the camera's readout. To demonstrate this capacity of fast imaging, we imaged Drosophila S2 cells with lysosomes labeled with LysoTracker Deep Red at 14.7 volumes per second (volume size 35 µm × 35 µm × 7 µm, 34 slices per volume and camera running at 500 frames per second). At this imaging speed, we could reliably perform 3D tracking of lysosome movement dynamics ( Fig. 2C and Supplementary Movies 7-9 ). This imaging speed is ~ 4-5 times faster than other high-resolution light-sheet microscopes reported 4, 14 . This fast imaging capability will be extremely useful for live cell single-particle tracking, calcium imaging, etc.
The high detection NA of our system enables single-molecule imaging. As a demonstration, we performed single-molecule-switching-based super-resolution microscopy for HEK293T cells stained for Lamin A/C (Supplementary Fig. S7 ). On average > 2000 photons were detected for each photoswitching event when imaged at 50 frames per second. The oblique light sheet restricts excitation to a selective plane, reducing out-of-focus bleaching and out-of-focus background. Therefore, our system can be particularly useful for the imaging of densely labeled cells or with point-accumulation-for-imaging-in-nanoscale-topography (PAINT) 15 .
Our microscope design provides a versatile platform to image live samples at high spatialtemporal resolution. As a unique advantage, it can be built as an add-on unit to existing inverted fluorescent microscopes (in a similar manner as a confocal spinning disk unit), converting a high-NA epifluorescence microscope into a SPIM system without modifying the sample stage. It can be easily integrated with wide-field epi-fluorescence microscopy for optogenetics and FRAP experiments. Our design is also inherently compatible with numerous methods to improve the performance of light-sheet microscopy, including various excitation schemes such as digitally scanned light sheet (to obtain more uniform illumination), modulated excitation such as Bessel 16, 17 and Airy 18 beams (to achieve thinner light sheet across a larger view field), the use of adaptive optics 6, 19 to reduce the systematic aberration, and the application of multi-view imaging 20 to obtain isotropic resolution. The raw SPIM data were obtained in the x'-y-z' space (see Figure 1A) . The data were then descrewed, deconvolved by the measured PSF and rotated to the x-y-z space. This process was performed with a free-online package (https://www.flintbox.com/public/project/31374/) produced by Janelia Research Campus. Deconvolution was applied to the cell images shown in Figure 2 (same as the previously used image processing procedure for Lattice Light Sheet microscopy 4 ), but not to the bead image for resolution measurement in Figure 1 The free software ChimeraX 22 by UCSF was used to view and demonstrate the volumetric date in 4D.
Global Exposures with Rolling Shutter
The rolling shutter mode of our sCMOS camera provides readout time as short as 1 ms for a region of interest of 200 rows, facilitating fast imaging. Although this mode is fast, the readout of each row is no longer simultaneous. When the frame rate is close to the maximum readout speed of the camera, this asynchronous readout causes PSF distortion ( Supplementary Fig.   S8 ). Although global shutter mode can solve this problem, it increases the readout noise and slows down the readout by a factor of 2. Therefore, we implemented global exposure with rolling shutter by triggering pulsed laser illumination only during the time when all rows were exposing ( Supplementary Fig. S8 ). The effective imaging time for each frame was thus the exposure time plus the readout time. Global exposure was realized through the NI PCIe 6323 DAQ card using LabVIEW programming.
Cell culture and transfection
The conditions for cell culture, transfection of HEK 293 T and HeLa cells were described in our previous publication 23 . The knock-in cell lines, including the sequences for the guide RNAs and donor DNAs, were previously generated in the same publication 23 
